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Magnetic Resonance Imaging (MRI) is one of the most-used diagnostic imaging methods worldwide. There 
are ∼50,000 MRI scanners worldwide each of which involves a minimum of five workers from different 
disciplines who spend their working days around MRI scanners. This review analyses the state-of-art of 
literature about the several aspects of the occupational exposure to electromagnetic fields (EMF) in MRI: 
regulations, literature studies on biological effects, and health surveillance are addressed here in detail, along 
with a summary of the main approaches for exposure assessment. The original research papers published 
from 2013 to 2021 in international peer-reviewed journals, in the English language, are analysed, together 
with documents published by legislative bodies. The key points for each topic are identified and described 
together with useful tips for precise safeguarding of MRI operators, in terms of exposure assessment, studies 
on biological effects, and health surveillance. 
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Magnetic Resonance Imaging (MRI) is one of the most-used diagnostic imaging methods worldwide [1]. 
Since its first application on humans in the late 70ths, the evolution of MRI technology has been very rapid, 
and nowadays it is estimated that more than 60 million exams per year are performed worldwide [2].  
There are ∼50,000 MRI scanners worldwide, and  each MRI unit involves a minimum of five workers from 
different disciplines (radiographers, nurses, anesthesiologists, technicians, engineers, cleaners, etc.,) [3] 
These people may be exposed to various electromagnetic fields (EMF) during procedures, opening a debate 
about the occupational exposure to EMF in MRI environments [4]. Many self-reported transient symptoms 
have been associated with occupational exposure to MRI fields, especially from workers in MRI 
environments with a strong magnetic field (1.5 T, 3 T, or higher) [5–8]. Several studies assessing the health 
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risk for MRI workers have been published, showing different acute neurobehavioral effects and symptoms, 
but their long-term health significance is yet unknown. Chronic and long-term effects due to exposure to 
magnetic fields have been reported by only a few studies [9–12], but confirmation of these findings is still 
lacking. International organizations such as the International Commission on Non-Ionizing Radiation 
Protection (ICNIRP) [13, 14] and the Institute of Electrical and Electronic Engineers (IEEE) [15, 16] have 
established limits for occupational exposures. These international guidelines are based on the only adverse 
effects on humans that were fully verified by a stringent evaluation, i.e. short-term effects, such as 
stimulation of peripheral nerves and muscles, shocks and burns caused by touching conducting objects, and 
elevated tissue temperatures resulting from absorption of RF energy during exposure to EMF.  
In 2013, the European Union issued a directive on occupational EMF exposure which has been implemented 
as a national standard in the member states [17]. The Directive is based on all known direct biophysical 
effects and indirect effects caused by EMF and it intends to ensure the health and safety of workers. From 
the point of view of radiological protection, the health risk related to MRI procedures is considered low 
compared to ionizing radiation. The strong static magnetic field (SMF), the switched gradient magnetic 
fields (GMFs), and the RF pulses, that are typical of MRI, are parts of the non-ionizing radiation in the EMF 
spectrum, and as such, their associated photons have insufficient energy to ionize the atoms of biological 
matter. The presence of static and low-frequency, and RF magnetic fields makes the assessment of exposure 
complex and the analysis of possible effects is a challenging task [4]. Moreover, a worker who moves 
through the spatial gradient of the static field (fringe field) is also exposed to a low-frequency time-varying 
magnetic field (motion-induced TvMF).  
MRI technology has a continuous and very rapid development together with an increasing interest in its 
versatility for both clinical and research purposes. As a consequence, increased use of MRI scanners with 
strong magnetic fields is being pursued: a few institutions, also in Europe, have already installed human 
scanners that can reach 9.4 T [18]. Not to mention all the MRI scanners dedicated to animal studies, both for 
veterinary purposes and preclinical research, that generally are not subjected to the same regulations but 
often have a very strong magnetic field value. An ultra-wide bore magnet for studies on small living animals 
recently installed in US has a field strength of 21.1 T, and it is the strongest MRI scanner in the world [19].  
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Safeguarding the health of workers in MR is a very complex task, still partially to be explored. It is important 
to approach this topic from the various points of view involved, from health risks and exposure assessment to 
regulations and health surveillance. The main purpose of this review is to analyse the state-of-art of literature 
about the several aspects of occupational exposure to EMF in MRI, identifying the key points for each topic. 
Finally, by this detailed analysis, useful tips for the precise safeguarding of MRI operators are deduced and 
presented. This work is an updating and integration of our previous review [20]: regulations, literature 
studies on biological effects, and health surveillance are addressed here in detail, along with a summary of 
the main approaches for exposure assessment. The specific problem of patient exposure and possible health 




We searched for relevant articles on occupational exposure to EMF in MRI indexed in Scopus and Web of 
Science (WoS) published from 2013 to 2021.  
We carried out three widespread searches combining the following terms: (occupational exposure AND 
electromagnetic field AND magnetic resonance) OR (magnetic resonance AND worker AND 
electromagnetic field exposure) OR (MRI AND occupational exposure AND electromagnetic field) for the 
“exposure assessment” section; (electromagnetic field* OR static magnetic field* OR gradient field*) AND 
(MRI OR magnetic resonance) AND (biological effect* OR in vitro OR in vivo OR epidemiology) for the 
“biological effects” section; (magnetic resonance AND worker AND electromagnetic field exposure) AND 
(health OR prevention OR surveillance OR occupational medicine) for the “health surveillance” section. 
 No restrictions on source types were applied (i.e., article, book chapter, conference, report, letter, etc.). We 
also analysed the references list of the selected articles and we included additional older relevant contributes. 
In addition, specific research was conducted on several worldwide organizations’ websites and databases to 
select the regulations in force about the topic of the review. 
We screened the title and abstract of all the articles returned by the search. We reviewed the full text of the 




3. Exposure assessment 
 
The main purpose of the exposure assessment is to verify the compliance with exposure limits set by the 
regulation in force, as well as to characterize possible exposure scenarios in the framework of 
epidemiological studies on MRI occupational exposure, that is recommended as a high priority to fill the gap 
in the knowledge on the related health effects [27]. The exposure assessment in MRI environments was 
described in our previous review [20], so in this present work, we summarize and update the main methods 
used for the assessment of exposure to each type of field. 
For assessment of exposure to SMF, the physical quantity considered is the magnetic flux density (B, in T). 
The unperturbed field in the MRI environment can be determined by using the isogauss line maps provided 
by the scanner manufacturers [28, 29], or by direct measurements using commercial survey meters [30–34]. 
Measurements of SMF exposure should be performed together with observational studies [35], which consist 
of recording, thorough daily diaries or questionnaires, the specific actions performed by the participants, in 
order to associate SMF exposure conditions to specific activities, and, eventually, to the reporting of 
transient symptoms [36].  
Personal measurements can be conducted using time recording systems, often referred to as “dosimeters” 
which are generally worn by the workers in a pocket or fixed by an elastic strap around the breast, and 
measure the instantaneous value of B [37–42]. The new-generation personal dosimeter [43, 44] are able to 
evaluate also the exposure to motion-induced TvMF during daily clinical practice [33, 40, 41, 45–47].  
Motion-induced TvMF can be assessed also using analytic models [31, 32, 34, 48, 49], as suggested by 
ICNIRP [50], or computational calculations [51–53], mainly based on Finite-Element Method (FEM) or the 
Boundary Element Method (BEM) [54, 55].  
The measurement of GMF is commonly performed with specific commercial instruments [56–58]. 
Generally, the height of the probe above the floor has been chosen as representative of maximum exposure, 
for a simple “worst-case” approach to risk assessment.  
Also, numerical solvers can be used to the assessment of GMF exposure close to the bore of a scanner, to 
obtain estimates of induced electric fields and current density [59, 60]. 
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The measurement of RF fields in the proximity of MRI systems can be obtained by using commercial 
devices equipped with specific probes [28, 61]. These devices provide also the RF harmonic content of a 
specific imaging sequence [62]. Direct measurement of Specific Absorption Rate (SAR) is still not possible 
with commercial instruments; a device for monitoring SAR has been proposed [63], but it is not sufficiently 
sensitive to monitor occupational RF exposure outside the magnet bore.  
In order to estimate the SAR value in specific exposure conditions, it is possible to use numerical 
calculations and models of RF coil and the human body. The most used method is the Finite Difference Time 
Domain (FDTD) method [64]. Whole-body human models or models of specific parts of the body can be 
used in computational calculations [65]. Different adult and child, male and female models were developed 
within the Virtual Family Project on the basis of high-resolution MRI scans and include more than 80 tissues 
and organs each one [66].  
At frequencies below 100 kHz, MRI staff experience magnetic fields with complex waveforms. This means 
that they are distorted by harmonic components, which are distributed over a large frequency band. This 
regards both motion-induced TvMF and GMF. Moreover, the safety limits imposed by the guidelines and 
regulations are frequency-dependent. In these conditions, parameters such as peak or root mean square 
values are inappropriate for exposure assessment. Therefore, both ICNIRP guidelines [50, 67] and EU 
Directive [17, 68] recommend the Weighted Peak Method (WPM) for assessing compliance with exposure 
limits in case of complex waveforms. WPM can be implemented either in time-domain (hardware or 
software implementation) [56, 57, 69] or in frequency-domain [48, 70]. The result of this approach is the WP 
index, whose value must be below 1 to ensure compliance. 
Some commercial instruments permit the implementation of the weighted-peak approach [56, 57], according 
to the ICNIRP 2003 [71] statement on complex waveforms and the ICNIRP 1998 [13] reference levels. 
 
3.1. Exposure assessment of workers with implantable medical devices  
 
Workers with implantable medical devices, especially with an active implantable medical device (AIMD) 
such as cardiac pacemakers (PM), cardiac defibrillators (ICD), cochlear implants, brainstem implants,  
neurostimulators, retinal encoders, implanted drug infusion pump, are considered as a particularly sensitive 
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risk group (see also Section 6.1). Indications for the risk assessment of workers with AIMD can be found in 
the “Non-binding guides” of the European Commission (EC) [68, 72], which recall the instructions described 
in the EN50527 technical standards family [73–75]. According to the standards and the new European 
Medical Device Regulation [76] each AIMD shall comply with the electromagnetic immunity requirements, 
before entering the market. Thus, if a worker who wears an AIMD is exposed to EMF levels below the 
ICNIRP reference levels for the General Public [13], the risk is considered acceptable. A safety value of 0.5 
mT is specified to limit interference with the function of active implanted medical devices and a maximum 
value of 3 mT is indicated to limit the projectile risk in the fringe field from strong sources (> 100 mT).  
Volume 1 of the “Non-binding guides” identifies the working conditions that require a specific exposure 
assessment for workers wearing active implants, due to the presence of strong fields close to the device [68]. 
MRI is one of these conditions and hence requires specific risk assessment in accordance with the 
specifications provided in Annex A of the EN50527 standard [73].  
There are some studies in the literature on the EMF exposure assessment of workers with active implants, 
mainly to avoid interference problems with, or effects on the functioning of, medical devices [77–79].  
In one of these, Mattei and colleagues [78] evaluated experimentally the effect of the movement near the 
MRI scanner bore for workers with a PM or an ICD, both marked as MRI-conditional [80]. They used a 
saline-filled human-shaped phantom [79], equipped with different kinds of medical implants, an 
accelerometer and a magnetic field probe. Then, the authors reproduced both translational and rotational 
motions close to the scanner measuring acceleration and magnetic field variation generated by the movement 
of the phantom. The results of the study demonstrated that function of both implants tested was influenced 
by electromagnetic interference from motion in and around an MRI scanner, leading to inappropriate 
changes in therapy. Other kinds of AIMDs would deserve a specific exposure assessment, such as the 
cochlear implants which generally use inductive coupling as part of the normal function and could be 
consequently susceptible to interference in the presence of specific fields. The safety of these kinds of 
implant in patients undergoing MRI examination is widely discussed [81, 82], but to date, there is a lack of 
specific studies about exposure assessment of workers with cochlear implants.  
Passive implants, (i.e. knee and hip prostheses, copper intrauterine device (IUD), etc) contain no electric 
parts and they are normally constituted by non-ferromagnetic materials like titanium or stainless steel. 
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Several studies in literature dealt with the exposure assessment of MRI patients with passive implants [83–
85], but there are no specific studies about exposure assessment of MRI workers with this kind of implant. 
Since there are in the literature some recent studies about transient health effects in MRI workers with such 
kinds of implants, for example, IUD [86, 87], this specific issue would deserve more attention (see also 
Section 6.1). 
 
3.2. Discussion  
At the moment, there are no standardized procedures to assess the MRI occupational exposure, although 
ICNIRP has proposed a method to verify the compliance of the exposure parameters with the safety limits set 
for the exposure due to movement in a non-homogeneous SMF and to the GMF [50]. 
Numerical approaches to the assessment of the MRI exposure are, currently, an invaluable tool mainly to 
evaluate the interaction of EMF with implanted medical devices, such as cardiac pacemakers and 
defibrillators, insulin pumps, metallic prostheses, cochlear implants, etc [83]. The recent and rapid 
development in new numerical algorithms combined with relatively low-cost powerful computational 
resources (e.g., graphic processing units), have favoured the spreading of these algorithms, also thanks to the 
availability of increasingly sophisticated numerical anatomical human models, with an accurate 
characterization of dielectric properties of different tissues. However, numerical simulations for the exposure 
assessment can be affected by worker body model characteristics including posture, dimensions, shape, and 
grounding conditions [88]. The working environment models including objects influencing field distribution 
can significantly under- or overestimate the exposure effects in the body.  
Exposure assessment using a personal measurement system, such as dosimeters, has some technical and 
ethical limitations mainly due to covering the real working shift which includes work with patients. The large 
variability among patient examinations causes that the parameters measured in any work scenario have only 
limited representation of the real situation [33]. Due to this wide variability, the direct comparison of results 
from different studies completed by adopting different assessment strategies is difficult, or often not 
possible. Defining a baseline of standardization for the methodologies for collecting exposure data at a 
personal or at environmental level is mandatory, together with a detailed analysis of the specific tasks and 
procedures adopted, using, for example, information from observational studies, to obtain a better 
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characterization of the exposure conditions and to identify the factors determining such exposure variability. 
Finally, in personal monitoring of exposures, the positioning of the sensing probe on the body of the worker 
is also very important: it has been shown that the exposure measured at the upper body is likely to be higher 
because more rotational movements are made, and staff leans forward during certain tasks, putting their torso 
closer to the magnet bore [69]. 
 
4. Biological effects due to exposure in MRI  
MRI is generally considered safer than nuclear imaging technology or X-ray procedures for humans because 
it does not require the use of ionizing radiation, for which the harmful effects on human health are very well 
known [89]. MRI devices employ EMF of three different types to produce images [1], such as a strong SMF, 
the gradient magnetic fields, and the RF fields whose associated energy is insufficient to ionize the atoms of 
biological matter. 
The static magnetic field is always turned on in the MRI suite irrespective of whether the scanner is working 
or not, thus it represents the main source of MRI-related exposure due to the stray field surrounding the 
scanner. The magnetic induction level in the patient area ranges from 1 T to several T for different scanners. 
Due to the active shielding of the SMF, the field decreases quickly with a distance from the scanner, 
producing a large gradient with the field becoming significant within 0.5 m from the bore opening. 
Movements of the personnel in the spatial gradient of the SMF cause exposure to induced TvMFs [4, 90].  
Exposure to GMFs and RF fields takes place only in special cases when the MRI workers stay close to the 
scanner during imaging acquisition such as during dynamic examinations, in emergencies, while attending 
paediatric patients, or for interventional medical procedures [67, 91–93]. 
The GMFs, originating from three separate coils within the scanner, are switched on and off to select the 
region of diagnostic interest and to spatially encode the MRI signals.  
In this paragraph, we briefly describe the well-established physical mechanisms of interaction between the 
MRI-related EMF and living tissues [94], that are responsible for acute effects, i.e. transient effects occurring 
above threshold exposure levels which provide the basis for the definition of the exposure limits. Moreover, 
we report on the possible health risk of exposure to EMFs used in MRI below the thresholds of acute effects, 
which rely on the results from the three main lines of evidence that are epidemiological, in vivo, and in vitro 
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studies. In particular, we provide an overview of the effects arising from multiple exposures taking place 
when staff personnel operates inside the MRI suite [91], and from a single exposure to SMFs and GMFs. 
There are no data available on RF signals currently in use for MRI. It is worth mentioning that although the 
focus is on occupational exposure, studies carried out on patients and volunteers have been included since 
they report on the effects of multiple exposures.  
The main conclusions of the most recent reviews of the epidemiological, in vivo, and in vitro evidence, 
released by the Scientific Committee on Newly Identified Health Risks (SCENIHR) in the last Opinion [27], 
and updated with the most recent studies will be presented.  
 
4.1. Established mechanisms of interaction 
Static fields 
The three main physical mechanisms of interaction between SMFs and biological tissues are magnetic 
induction, magneto-mechanical, and chemical interactions [1, 24, 95]. The magnetic induction effect is 
considered responsible for the sensations of nausea and vertigo sometimes reported at high field strengths 
[4]. In MRI workplaces, movement through the gradient of the static field (fringe field) acts as a time-
varying magnetic field (motion-induced TvMF) [50, 67] inducing a voltage in electrically conductive 
materials, like biological tissues, according to Faraday’s law [21]. Hence, rapid movements of the body 
induce a great electric field in the tissue and this can cause a number of physiological symptoms (headache, 
nausea, vertigo, phosphenes, numbness and tingling, loss of proprioception and balance) [96]. 
Magneto-mechanical interactions refer to the mechanical torque and force that an SMF can exert on 
ferromagnetic objects, such as metal of high-magnetic susceptibility. This fact represents an extremely 
important issue in the case of medical devices implanted in the human body (clips, vascular or orthopaedic 
implants) (see also Section 3.1) [1].  
Chemical interactions refer to changes in chemical reactions due to altered spin chemistry. This direct 
interaction mechanism is not considered to have a significant health effect for magnetic flux density below 7 
T, whereas above 7 T there is too little research to draw firm conclusions [95]. 
Gradient magnetic fields 
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Generally, GMFs are about two orders of magnitude lower than the SMF and can be neglected compared to 
the strong B0 field as far as interactions with biological tissues and organisms are concerned. However, the 
gradients are switched on and off rapidly (at frequencies in the Hz to kHz range [23]) and this time variation 
induces electric currents in the exposed body [21]. If the induced electric currents exceed the nerve 
depolarization threshold, peripheral nerve stimulation (PNS) can occur [92].  
The induction of electric currents in the retina can cause the phenomenon of magnetophosphenes, which are 
not considered to be hazardous to humans but can impair the working ability.  
Radiofrequency Fields 
As in the case of GMF fields, exposure to RF fields exclusively occurs in proximity to the bore entrance and 
only during scanning.  
The primary bio-effects associated with the RF radiation used for MRI procedures are thermal effects due to 
tissue heating derived by the direct absorption of electromagnetic energy. This heating can have possible 
physiological effects, including changes in cardiac output, and alteration in certain organs particularly 
sensitive to heating due to lack of perfusion, such as the eyes and testes [97]. The amount of the energy 
absorbed by the body is measured in terms of SAR that is the dosimetric parameter used to quantify the 
absorption at RF [4].  
In the presence of conducting materials close to the exposed body, such as the leads of equipment for 
monitoring physiological parameters (heart rate, blood pressure, oxygen saturation, and temperature), more 
caution is required to avoid excessive local heating [98]. This kind of risk can be more serious in the case of 
internal biomedical implants (aneurism clips, stents, etc.), especially for implants that have elongated 
configurations and/or are electronically activated (neurostimulation systems and cardiac pacemakers) [22, 
99]. For more details on this topic, the reader can refer to the specific literature [83, 100, 101]. See also 
Section 3.1 and Section 6.1. 
 
4.2. Experimental and epidemiological studies on the effects of EMF exposure in MRI 
 
Effects of multiple exposures  
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While epidemiological studies on multiple exposures in MRI were not retrieved, most of the studies which 
address the occupational health risk due to the multiple exposures in MRI environment, have been carried 
out on volunteers exposed to MRI sequences in clinical scanners.  
In Schlamann et al., 12 healthy volunteers were exposed for 63 min to standard sequences in a 1.5 T MRI 
scanner to investigate possible cognitive effects using transcranial magnetic stimulation performed 
immediately after exposure and 15 min later. This procedure was repeated 4 weeks later using a 7 T scanner. 
At both field intensities, the cortical silent period was significantly prolonged to become normal after 15 
min. The transient effect elicited at both 1.5 and 7 T  can be ascribed to RF pulses and/or the gradient fields 
rather than to SMF [102].  
The effects on male reproductive hormones were investigated in 24 healthy, male volunteers exposed to 1.5 
T MRI. No differences were observed in the serum blood level of a series of key hormones neither 
immediately after, nor after 11 days of MRI and sham exposure [103]. 
Thulborn et al did not find significant changes in the vital signs or cognitive performance in either healthy 
subjects (22) or subjects with medical diagnoses (24) subjected to brain MRI examination at 9.4 T and 
examined before and after the scan [104]. 
In van Nierop et al., neurocognitive effects resulting from exposure to SMF alone and combined with low-
frequency TVMF in a 7 T MRI scanner were investigated. 36 healthy subjects were exposed in four sessions 
of 2 exposure conditions and 2 sham conditions in front of the scanner bore (1.0 T SMF with or without 2.4 
T/s TVMF, induced by standardized head movements before each of the five neurocognitive tasks). 
Neurocognitive effects were only observed in the case of simultaneously exposed to SMF and TVMF from a 
7 T MRI scanner [105]. 
Cognitive, vestibular, and physiological functions were investigated in a recent study by Grant and co-
workers. A total of 29 subjects were exposed to 10.5 T MRI and tested for multiple physiologic, cognitive, 
and vestibular markers before, during and after exposure (1-24 h). Moreover, for 26 subject’s exposure and 
testing were repeated within 2-4 weeks. Several comparisons were made between short- and long-term time 
points with respect to the parameters. The results indicated that cognitive performance was not compromised 
at the isocenter; subjects experienced increased eye movement at the isocenter, and subjects experienced 
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small changes in vital signs but no field-induced increase in blood pressure. While small but significant 
differences were found in some comparisons, none were identified as compromising subject safety [106]. 
In several studies, genotoxic effects in peripheral blood samples from healthy volunteers or patients exposed 
to clinical MRI scanners matched with appropriate controls were investigated. Mainly cardiac MRI (CMR) 
was employed, due to the high gradient-fields applied in this specific examination, as well as the large 
portion of the body exposed to RF and SMF during the procedure. Widely recognized cellular endpoints that 
account for chromosomal damage such as micronuclei (MN) formation and chromosomal aberration (CA), 
DNA damage and repair such as induction of double-strand breaks (DSBs) by means of γ-H2AX foci 
formation and comet assay, were investigated. 
Sannino et al, in a pilot study, did not find spontaneous and mitomycin-C-induced chromosomal fragility in 
human peripheral blood lymphocytes from 12 MRI workers matched with 12 workers with no MRI exposure 
history, as the reference group. The results also highlighted a high worker-to-worker variability in both 
exposure assessment and biomonitoring, as well as the critical issues and practicalities to be faced within this 
type of investigation [48]. 
Simi and co-workers reported on an increased MN formation in lymphocyte cultures from healthy volunteers 
established immediately after four consecutive sequences in a 1.5 T MRI scanner and a CMR examination. 
The MN frequency was approximately doubled immediately after the scans but returned to control level at 
48 h [107]. 
Fiechter and co-workers studied genotoxic effects in twenty prospectively enrolled patients who underwent 
1.5 T cardiac MRI examination. They found a statistically significant increase in γ-H2AX positive foci in 
peripheral mononuclear cells and in T lymphocytes that were indicative of sites of DNA DSBs repair [108].  
Lancellotti and co-workers examined blood samples from twenty enrolled healthy men subjected to 1.5 T 
CMR. They found blood cell alterations or activations figuring inflammatory response, as well as DNA 
damage in T lymphocytes from day 2 after exposure until the first month. These effects disappeared at 1-year 
follow-up [109].  
Brand and co-workers did not found DNA DSBs in blood samples from forty five patients that underwent 
CMR with different protocols by investigating γ-H2AX foci formation [110].  
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Fatahi and co-workers examined the extent of genetic damage in eleven healthy, non-smoking, male 
subjects, who had never undergone radio-/chemo-therapy, scintigraphy, and had not undergone X-ray 
examination one year before blood sampling. They were repeatedly subjected to 7 T and 3 T MRI during 
their working life (from 2.5 to 8 years), and MN and γH2AX foci formation were analyzed. No difference in 
the cellular endpoints was detected in samples from exposed subjects with respect to the unexposed ones. 
Isolated cells were further exposed in vitro to 7 T MRI either alone or in the presence of the DNA damaging 
drug, etoposide, and the kinetics of DNA damage repair was examined to determine if there was any 
additional combined effect. Also in this case, 7 T MRI had no significant impact on MN frequencies and 
γH2AX foci at 1, 20 and 72 h after exposure [111]. 
Reddig and co-workers examined the impact of different magnetic field strengths (1, 1.5, 3, and 7 T) and the 
effect of contrast agent on DNA DSBs formation in forty-three patients undergoing MRI. No evidence of 
DSB induction after MRI examination, independent of the applied field strength and administration of 
gadolinium-based contrast was found [112]. 
Fasshauer and co-workers, by evaluating γH2AX foci formation did not find impairment in DNA integrity in 
the mononuclear cells from thirty-six volunteers undergoing 1h 3T CMR examination and analyzed 1h after 
or after 2h of leisure time without strong physical activity [113]. 
Suntharalingam and co-workers, investigated γH2AX foci formation in human peripheral blood lymphocytes 
of two cohorts of twenty healthy volunteers each subjected to abdominal-pelvic MRI performed at 1.5 T and 
3.0 T. No significant alteration in the endpoint analyzed was found 5 and 30 min after scan [114]. 
Contrast enhanced abdominopelvic 3T MRI was also employed by Jalali and co-workers to investigate 
chromosomal damage in the MN test and the expression of some genes involved in DNA repair and 
apoptosis pathways in lymphocytes from 20 enrolled healthy subjects. No effect was detected in the 
endpoints under investigation at 2 and 24 h after MRI examination [115]. 
Critchley and co-workers investigated the acute effect of 1.5 T CMR lasting 40 min in a large cohort of 
sixty-four patients immediately before and after a standard clinical scan. The CMR was not associated with a 
significant change in γH2AX foci formation in leucocyte samples, although there was significant inter-
patients variability [116]. 
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The effects on testis histology and seminiferous tubules morphometry were investigated by Rostamzadeh and 
co-workers in a group of 20 mice exposed for 36 min once a week for three weeks to 1.5 T MRI under 
different pulse sequences A group of 20 mice located in the center of MRI bore while it was turned off was 
considered as control. Different assays were performed at 1h and 35 days after last exposure, and deleterious 
effects on male reproductive system, fertility parameters, and the quantity of germ cells in the seminiferous 
tubules were recorded that reverted to normal after a new period of spermatogenesis [117].  
Genotoxicity in blood cells from healthy donors was also the most investigated outcome of in vitro studies.  
Lee and co-workers investigated the frequency of CA and MN and the extent of DNA migration in the comet 
assay in human peripheral blood lymphocytes from one donor exposed from 22 to 89 min to a 3T MRI 
scanner. An increase in MN formation, CA and in the extent of DNA migration was detected, although it 
resulted time-dependent in the first two assays [118]. Similar experimental conditions were applied by 
Szerencsi and co-workers, who exposed peripheral blood samples from three healthy donors to 3T MRI for 
0, 22, 45, 67, and 89 min during the scanning procedure. No effects were detected in DNA migration and CA 
[119]. 
Reddig and co-workers did not find DNA DSBs in human peripheral blood mononuclear cells isolated from 
sixteen healthy donors and exposed to 7T SMF alone or combined with varying gradient magnetic fields and 
RF pulses. In follow up studies, the same research group investigated the effects of ultra-high-field 7T MRI 
in mononuclear cells from twelve healthy donors [120]. They did not find effects on DSBs in un-stimulated 
cells at 1, 20 and 72 h post exposure and on MN formation in mitogen-stimulated lymphocytes cultured for 
72 h [111]. They also examined the possible amplification of the genotoxic and cytotoxic effects of different 
gadolinium-based contrast agents in combination with ultra-high-field 7T MRI exposure in isolated human 
peripheral blood lymphocytes. They failed to detected any alteration in γH2AX foci formation in 
lymphocytes from four donors analyzed 15 min after the scan [121].  
Critchley and co-workers, investigated the acute effect of 1.5 T CMR lasting 40 min on leucocyte DNA 
integrity from seventeen healthy donors, and no alteration in γH2AX foci formation was detected [116].   
Comprehensive reviews on the possible genetic damage due to MRI exposure have been published which 
accurately comment on the published in vitro and in vivo studies above cited with the main focus on 
biological outcome [122–124] and on MRI exposure related aspects [125, 126]. In these review papers, the 
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strength and methodological limitations of the studies are highlighted together with the research need to have 
good quality studies, including the epidemiological studies addressing the potential health risk for MRI 
workers.  
Effects of SMFs exposure  
There are only a few epidemiological studies available, and the majority of these have focused on cancer 
risks. Results did not indicate any increased risk for cancer development, but they are generally based on 
small number of cases and not accurate exposure assessment. Moreover they lack of the control of 
confounding factors in occupational setting, that often are due to other harmful exposure sources including 
some known carcinogens like ionizing radiations, chemicals can be exposed to during their work shift not 
necessarily only in MRI procedure [127].  
From the observational studies published before 2015 and discussed in the SCENIHR opinion [27] it came 
up that the movement in strong SMF (field strengths above 2 T) may cause subjective symptoms like vertigo 
and nausea. Of note is the systematic review and meta-analysis carried out by Heinrich and co-workers in 
which studies from 1992 to 2007 were analysed to evaluate whether cognitive processes, sensory perception, 
and vital signs might be influenced by SMF in MRI environment. Only effects on the visual system were 
homogeneous, showing a statistically significant impairment following exposure. Vital signs were not 
affected, and effects on sensory perceptions included an increase of dizziness and vertigo, primarily caused 
by motion-induced TvMF [128]. Similar results on symptoms like dizziness, vertigo and nausea have also 
been reported in more recent papers. De Vocht and co-workers found out that prevalent symptoms were 
associated with longer duration of working in MRI departments, but not with measured field strength of 
exposure. Other factors related to organization and stress seem to contribute to increased reporting of these 
symptoms [129]. Schaap and co-workers reported increased vertigo with increasing strength of the static 
field in people working around scanners [130]. Walker and co-workers, examined the symptoms experienced 
by 408 MRI technologists from multiple countries, acquired by means of questionnaire administered via 
Facebook. From the descriptive statistics, it came up that 78% of participants experienced undesirable 
symptoms related to SMF exposure. Dizziness, vertigo, visual disturbances, nystagmus, and metallic taste 
were the most frequently reported symptoms. Dizziness was the most frequent symptom, and its severity was 
greater among technologists who worked with very high and ultra-high field strength compared to those who 
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worked with low-field and high-field strengths. Participants in the study also reported symptoms never 
reported previously, such as pain, weakness, numbness, and dropping things [8].  
A huge amount of research papers, review papers, and book chapters has been published to address the 
possible biological interaction of magnetic fields with in vivo and in vitro systems after moderate (1mT - 
1T), strong (1 - 5T) and ultra-strong (>5 T) and different exposure duration from minutes to days, mainly 
based on the analyzed endpoints. In vivo studies mainly addressed embryonic development, nervous system 
effects, behavior and various physiological parameters and metabolism in laboratory animals. In a number of 
studies, effects occurred with SMF exposures in animals, at B field levels from mT to T, but they are limited 
to single studies in the specific area, and need replications prior to draw any conclusion. Recent papers 
contradict the effects on nervous system reported in some studies over the years. The studies that report pain 
reduction are consistent and in line with previous studies by the same group. The studies on behaviour, 
carried out also at very high field strength, did not produce consistent effects, like the ones focusing on lipid 
metabolism [27]. 
More recent studies on high field strength do not demonstrate severe long-term effects on mice. Mice 
exposed to SMF in the range 3.5-23 T for 2 h did not show any effects in terms of food/water consumption, 
blood glucose levels, blood routine, blood biochemistry, as well as organ weight and HE stains after daily 
examination until 3 weeks [131]. Moreover, 28 days exposure of mice to SMF in the range 2-12 T did not 
exert effects on body weight, blood indices, organ coefficients, and histomorphology of major organs [132].  
The in vitro studies addressed several cellular endpoints including genotoxicity, oxidative stress, gene and 
protein expression, apoptosis, cell viability, growth and differentiation and membrane effects. The results of 
the most recent studies confirm the ones of previous investigations summarized in several review papers 
[133, 134]. Alteration in the expression of specific genes in human and other mammalian cells have been 
reported, with the effect depending on exposure duration and field gradients. Genotoxicity have been 
reported, although it seems that these effects can be repaired and are not permanent. There are also evidences 
that SMF can modify the effects of other external factors such as chemicals and ionizing radiation. All the 
effects strictly depend on cell type and exposure duration and characteristics [27]. 
Conflicting results are also reported in more recent investigations. Romeo and co-workers failed to find 
effects on cell viability, reactive oxygen species levels and DNA integrity in human foetal lung fibroblasts 
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exposed to 370 mT magnetic induction level, under different exposure regimens. In this study, an 
experimental apparatus designed and realized for operating with the SMF generated by permanent magnets, 
and confined in a magnetic circuit, was used to allow cell cultures exposure in absence of confounding 
factors like heating or electric field components [135]. 
Permanent magnet was also used by Tian and co-workers to examine the effects on cell growth of 12 
different human cancer and non-cancer cell lines exposed to 0.2-1 T SMFs with different magnet directions. 
Different magnetic field directions gave divergent effects with upward magnetic field mostly capable to 
reduce cell growth of cancer cell lines [136]. Zhang and co-workers evidenced no effect of 1 T SMF on cell 
cycle or cell death of 15 different mostly human cell lines. However, at higher cell density, SMF reduced cell 
numbers in six out of seven solid human cancer cell lines indicating the cell type and density-dependent 
effect [137].  
Effects of switched gradient fields  
Only a few studies have been conducted in the intermediate frequency range that is related to GMFs. In [27], 
the absence of epidemiological studies was highlighted, while the few relevant in vivo and in vitro studies 
did not allow health risk assessment. These conclusions were confirmed by a recent review paper by 
Bodewein et al [138]. The authors performed a systematic review of the studies of electric fields, magnetic 
fields and EMF in the frequency range 300 Hz to 1 MHz to identify any potential risks. They identified 3 
human studies investigating the effect of MF exposure (0.1 μT to 2.8 mT) on human visual and cognitive 
functions. Two of them [139, 140] addressed specifically the effects of 490 Hz MF generated by MRI on the 
visual system, and found no statistically significant differences between exposure and control conditions. 
Moreover, in 27 in vivo studies, mainly effects on reproduction and development, brain, cardiovascular 
system and hematological parameters and behaviour, were analyzed. In the identified 25 in vitro studies, 
effects on cell proliferation and cell viability, genotoxicity and gene expression, were considered. The 
general conclusion was that there are inadequate evidences for adverse effects due to a large heterogeneity in 






Apart from the established acute effects related to EMF exposure in MRI, evidence regarding the possible 
effects of exposure below the thresholds of acute effects are not sufficient for a proper health risk assessment 
for the MRI workers [94]. Only a few epidemiological studies have been carried out [27]. They all address 
the effects of SMF exposure in terms of cancer risk but they lack accurate exposure assessment and control 
of confounding factors in occupational settings. From observational studies, prevalent symptoms like 
dizziness, vertigo, and nausea are the most reported effects that are associated with longer duration of 
working in MRI departments [128]. As far as the experimental studies are concerned, they do not provide 
consistent evidence due to great variability in terms of biological model, exposure characteristics, and 
biological outcome. In vivo and in vitro effects on DNA integrity are the most investigated and clearly of 
interest to follow up because excess genetic damage in somatic cells can lead to carcinogenesis, and in germ 
cells can be transmitted to the next generations. However, in the sporadic cases in which an effect was found 
under multiple exposure conditions, it is not clear to which component of the MRI exposure the effect can be 
ascribed [122]. In a very recent paper, Wilen and co-workers commented on the exposure conditions of in 
vivo and in vitro studies addressing the genotoxic effects of MRI exposure in human blood cells that vary 
greatly and often are not sufficiently described. They also highlighted the importance of having a detailed 
description of the MRI exposure to make the experiments repeatable in different laboratories [126].  
 
5. The Regulatory framework 
To optimize prevention and protection strategy, it would be appropriate to focus most significant risk 
scenarios and list of rules and procedures to be adopted in presence of MRI equipment, based on 
international guidelines and national safety regulations content. 
The potential risk scenarios related to the use of MRI equipment therefore concern different categories of 
people directly or indirectly involved in the diagnostic activity: 
• patients; 
• the different types of workers who serve at the MRI site (health workers, cleaners, maintenance workers, 
helium refill operators, researchers); 
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• visitors, or people who may find themselves accessing the MRI site and within the risk areas such as, for 
example, any accompanying patients, but also the staff of the health facility who is accessing the MRI site 
for particular reasons (internal audits, inspections, quality checks, training initiatives, etc.); 
• critical population groups, that is, all those who inside and outside the healthcare facility (neighbouring 
areas) may be, even unconsciously, affected by the presence of the MRI tomograph, with particular reference 
to the presence of superconducting magnets. 
Beyond ICNIRP and IEEE guidelines, electromagnetic field technical standards have been developed by the 
International Electrotechnical Commission (IEC) [141, 142], the European Committee for Electrotechnical 
Standardization (CENELEC) [143] and by other standardization authorities. Generally, these standards can 
be related to the EMF emission from equipment and provide instructions for the manufacturer to prove the 
safety of their products (emission standard) or provide standardized procedures for assessing the exposures 
in specific industrial environment (exposure assessment standards).  
Generally the MRI industry-specific standard IEC 60601-2-33 has been used by the MRI community for 
both patient and occupational exposure limitation [142].  
 
5.1. European Legislation 
 
The current European regulations allow to frame, manage and, where possible, prevent the specific risks, as 
well as dictate the rules of conduct both for the operators directly concerned, and for all the other subjects 
who may be indirectly involved, knowingly or even unconsciously. They are summarized in Fig. 1, and 
represent the state of the art at the date of submission of this publication. 
In 1999 the Council of the European Union published a Recommendation on limiting exposure of the general 
public to EMF (1999/519/EC) [144] for the protection from the proven adverse health effects of the exposure 
to EMF. The Recommendation is still in force, but it does not address the protection of workers. 
European Union set the general arrangements for ensuring the health and safety of workers in the Framework 
Directive (1989/391/EC) [145]. In addition, EU more recently published the EMF Directive (2013/35/EU) 
[17] for the specific situation of work with EMF, with additional detail on how to achieve the objectives of 
the Framework Directive for this work condition. The EMF Directive is related to well established direct and 
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indirect effects (acute or short-term effects) caused by exposure to EMF, according to the previous 
guidelines published by the ICNIRP (Fig. 1). 
EMF Directive sets exposure limit values (ELVs) for sensory and health effects. Since the ELVs are 
generally specified in terms of internal body quantities, Article 3 of the Directive introduces action levels 
(ALs) which are external field quantities that can be easily measured or calculated. ELVs and the relative 
ALs are set according to the ICNIRP guidelines. 
EMF Directive states that it is a responsibility of the employer to ensure that the risk arising from the specific 
case of EMF in the workplace is eliminated or reduced to a minimum. Moreover, the employer shall ensure 
the proper training of workers who are likely to be exposed to risks form EMF, concerning in particular the 
associated possible risks, the values and concepts of the ELVs and ALs, and the preventive measures taken.  
For the specific working environment of MRI, Article 10 of the EMF Directive grants a conditional 
derogation, meaning that “exposures relating to installation, testing, use, development, maintenance of, or 
research related to MRI for patients in the healthcare sector may exceed the ELVs”. For the derogation to be 
valid, the risk assessment shall have shown that the ELVs are exceeded and the employer shall demonstrate 
that “workers are still protected against adverse health effects and safety risks, including ensuring that 
instructions for safe use provided by the manufacturer are followed”.   
The European Commission published two non-binding guides [68, 72] to assist employers to comply with 
the EMF Directive: the Volume 1 of these guidelines [68], provides practical guidance to employers of MRI 
facilities, to achieve compliance with the conditions of the specific Directive derogation. Moreover, the 
guides include the relevant ICNIRP publication of 2014 [50], containing guidelines for the protection of 
workers moving in the SMF.  
The indications included in the two non-binding guides do not necessarily ensure the compliance with the 
legal requirements of each EU Member State, which always have precedence and can be more restrictive. 
 
Fig. 1 here 
 
In many countries of the European Union, national regulations relative to MRI clinical use (Table 1) were 
already aligned with the international technical standards before publication of Directive 35/2013. For these 
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countries, the transposition of the directive did not lead to significant changes within MRI management. On 
the contrary, for countries that in 2013 were still tied to old ICNIRP guidelines (published before 2009), the 
transposition of the directive has definitely allowed an alignment to the harmonized technical standard 
suggested by the Directive. Italy represents an exception because in last thirty years it has dedicated some 
different specific decrees, sometimes defining safety rules stricter than International Standard of Good 
Practice suggested by ICNIRP or IEC. 
In March 2020 ICNIRP published the new guidelines for human exposures in the RF region (100 kHz to 300 
GHz) [146] to replace previous guidelines [13], but for MRI nothing changes. New ICNIRP guidelines 
indicate the exclusion of pregnant staff from the MRI examination room during acquisition based on the 
possible RF exposure, but these workers are already excluded to avoid the risk to fetal hearing from the 
acoustic noise. 
The Italian situation represents an exception in the European contest, due to the adoption of specific national 
standards, more detailed and stricter than the consolidated international guidelines, useful to define a 
prevention and protection system with the force of law [147, 148].  
 
Table 1 here 
5.2. United States Legislation 
 
With regard to the management of safety in MRI in the United States, the debate has been going on for 20 
years, finding particular impetus in correspondence with the accidents that have occurred at health facilities 
within the MRI departments. 
The Food and Drug Administration (FDA), in its specific and indisputable role of "regulatory body", has 
formalized the definition of medical device for MRI tomographs, but to date it does not impose univocal 
rules with legal force for the management of safety related to them. As a consequence, during installation, 
the adoption of safety devices is left to the sole responsibility of those who install the tomograph. The 




After the last fatal accidents occurred to paediatric patients between 2005 and 2012 [150], the process of 
issuing a regulatory code dedicated to MRI technology is currently in the evolution phase, but in any case, 
the ACR guidelines have become more punctual and composite over time, also on issues related more 
closely to non-clinical safety aspects, and their authoritativeness have propitiated a diffusion that presents an 
acceptable level of systematic demands. 
 
5.3. Discussion 
According to the current regulatory framework, the employer shall assess all risks and determination of the 
exposure and, especially in MRI environments, measure and/or calculate the levels of electromagnetic fields 
to which workers are exposed. Moreover, the employer shall take the necessary actions to eliminate or 
reduce to a minimum the risk arising from EMF at the workplace. Regarding the European scenario, the most 
of countries of the European Union has drafted the own national regulations relative to MRI clinical use in 
line with the international technical standards to then transposed the EU Directive 35/2013 [17]. The US 
regulatory framework is almost entirely based on technical standards [149].  
However, there is a lack of specific regulations worldwide for MRI environments, both for clinical and 
research uses [1]. 
 
6. The health surveillance and the problem of the workers at particular risk: the European 
approach according to the Directive 2013/35/EU 
 
In our previous review a relevant aspect, i.e. the Health Surveillance (HS) [151] of occupationally exposed 
MRI operators, was not addressed.  
In the European Union the HS of these workers is a legal obligation according to the Directive 2013/35/EU. 
We will present here the approach to this issue currently practiced according to the legislations in force in 
Europe. According to the article 8 of this Directive: “with the objective of the prevention and the early 
diagnosis of any adverse health effects due to exposure to electromagnetic fields, appropriate health 
surveillance shall be carried out”. Explicitly the Directive “is intended to address all known direct 
biophysical effects and indirect effects caused by electromagnetic fields”, and “does not address suggested 
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long-term effects of exposure to electromagnetic fields, since there is currently no well-established scientific 
evidence of a causal relationship”. According to the Directive, the established effects to be prevented in MRI 
operators are the direct biophysical and the indirect effects. Examples of the former are the stimulation of 
muscles, nerves or sensory organs (including temporary annoyance or effects on cognition) and limb currents 
and, in case, the thermal effect. Among the indirect effects, projectile effect, explosions and fires risks are 
not preventable with HS programs, whereas interference and contact currents, and possibly also 
ferromagnetic effects for passive implants, should be addressed in HS programs by adequate counselling of 
the workers. 
Regarding direct effects, it should be considered that a strict respect of the exposure limit values (ELVs)  is 
sufficient to prevent the adverse effects, but it has to be noted that an exceeding of the ELV does not 
necessarily means the occurrence of adverse effects in MRI operators. In fact, in principle, ELVs are derived 
from scientific experimental evidence and epidemiological data (if available), applying appropriate reduction 
factors [152].  In the case of EMF, excluding the specific case of workers at particular risk, exposures largely 
exceeding the ELVs are needed to potentially induce adverse effects. Considering MRI operators, in case of 
whole-body static field exposure, at levels above 8 T nerve stimulation and involuntary muscle contraction 
can be induced especially during fast movements, and only in case of exposures largely above the ELVs 
more relevant effects, as changes in blood flow in limbs and/or heart rate, can possibly appear. Especially in 
case of the latter effects, the knowledge is limited, mainly related to few studies and case reports, and the 
relevance in terms of human’s health is currently not adequately understood.  
On the contrary, for indirect effects, and in particular for interference problems, it is not possible to consider 
the ELVs protective for all the “workers at particular risk”, as those wearing active medical devices: this 
specific scenario will be discussed in detail in the following sub-section.  
In general, the HS of MRI operators (as well as for other occupational risks) has to be based  on the results of 
the assessment of the risks arising from EMF exposure at the workplace, that is an obligation of the employer 
[153].  
At the moment no authoritative and/or shared guidelines exist on the specific contents of the HS of MRI 
operators, including possible biological tests or other monitoring or screening methods for preventive 
purposes according to the ethic code of the International Commission of Occupational Health  [154], even if 
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some general principle can be found e.g. in the previously mentioned “Non-binding guide” [68], in particular 
in the chapter 11 “Risks, symptoms and health surveillance”.  
According to the 35/2013 EU Directive, HS is also needed when “ if any undesired or unexpected health 
effect is reported by a worker, or in any event where exposure above the ELVs is detected, the employer shall 
ensure that appropriate medical examinations or individual health surveillance is provided to the worker(s) 
concerned, in accordance with national law and practice”. Such “medical examination or individual health 
surveillance” should be considered something different from the “routine” HS. The approach recommended 
is that such medical examinations should be performed by occupational physicians with adequate expertise 
in the prevention of the EMF-related occupational risk, integrating the examination with specific medical 
consultation(s) if needed and, in case, laboratory tests and/or diagnostic exams defined on an individual 
clinical evaluation of the subject. This point seems particularly relevant for MRI operators as, according to 
the scientific literature, at least some subjective symptoms are not exceptional in these workers [7, 35, 129, 
130, 155–157]. Furthermore, according to the article 10 of the Directive, under “specific circumstances”, 
derogations for the use of MRI, also in case of exposures exceeding the exposure limit values (ELVs), are 
permitted. These “specific circumstances” include an application of all the technical and/or organizational 
preventive measures taking into account the characteristics of the work activity, the recognition of a justified 
need for exceeding the ELVs and a demonstration provided by the employer showing that workers have still 
a valid protection against the EMF related adverse health effects and safety risks, respecting the safe-use 
instructions of the manufacturer and with defined procedures to be followed, in case, to ensure the respect of 
the Medical Devices Directive (93/42/EEC) [158]. 
The possible occurrence of sensory symptoms during MRI exposure should be investigated during the HS of 
MRI operators, and their possible causes should be evaluated, as well as their reported occurrence in relation 
to the MRI activities, and in particular in case of rapid movements of the operators close to the MRI scanner.  
As anticipated, in various studies the occurrence of different subjective symptoms has been observed in MRI 
operators [7, 35, 129, 130, 155–157]. These symptoms, usually resulting from self-administrated 
questionnaire studies, are mainly non-specific, e.g. migraine, asthenia, memory loss, and their occurrence 
may be confounded by other occupational and non-occupational risk factors (e.g. distress, concomitant 
diseases and related therapies, etc). On the other hand, in some recent studies a group of five more specific 
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symptoms have been proposed as “core symptoms”: vertigo, nausea, head ringing, magnetophosphenes and 
metallic taste, and may be related to a direct sensory effect, based on induction of currents in the body, of the 
static magnetic field exposure of the operators, in particular if they perform (rapid) movements within the 
field. A systematic collection of the occurrence of these core symptoms and of their evolution overtime 
should be usefully considered for the HS of MRI operators [35, 130]. 
A last point to be highlighted here is that the subjective symptoms, even if considered rapidly reversible and 
without clinical consequences, may increase the risk of work-related accidents, e.g. the fall of the operator. 
Another aspect, scarcely or not addressed so far, is the possibility that the occurrence of these symptoms may 
interfere with attention, possibly inducing the risk of procedural errors. Interestingly, the topic of accidents, 
and in particular of car accidents and nearly-missed car accidents after work, was recently addressed in two 
Dutch studies, one performed in a cohort of workers engaged in a MRI scanners production facility [9] and 
the other in a group of MRI operators [11]: the results suggest an increased risk of accidents and of self-
reported nearly-missed, possibly related to attention interference, supporting the opportunity of further 
research on this topic. 
 
6.1. Workers at particular risk 
 
Another relevant aspect to be considered in the HS of MRI operators is the possible presence of “workers at 
particular risk”: to date, there is no exhaustive catalogue of conditions inducing a particular risk. The EU 
Directive 35/2013 does not provide a full list of these conditions, but at least a (partial) definition is given in 
Article 5, where it is recommended to carry out “individual risks assessments, in particular in respect of 
workers who have declared the use of active or passive implanted medical devices, such as cardiac 
pacemakers, or the use of medical devices worn on the body, such as insulin pumps, or in respect of 
pregnant workers who have informed their employer of their condition” [17]. A more detailed list of 
conditions determining a particular sensitivity to the risk is presented in the first volume of the previously 
mentioned “Non-binding guide” [68], in the Table 3.1. In this case, the workers at particular risk are 
categorized in 4 groups: 
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 workers wearing active implanted medical devices: e.g. cardiac pacemakers, cardiac defibrillators, 
cochlear implants, brainstem implants, inner ear prostheses, neurostimulators, retinal encoders, 
implanted drug infusion pumps; 
 workers wearing passive implanted medical devices containing metal: e.g. artificial joints, pins, 
plates, screws, surgical clips, aneurism clips, stents, heart valve prostheses, annuloplasty rings, 
metallic contraceptive implants, and cases of AIMD; 
 workers wearing body-worn medical devices: e.g. external hormone infusion pumps; 
 pregnant workers. 
In all the cases considering an implanted or body-worn device, the condition of particular susceptibility to 
the risk is due to a possible indirect effect of the EMF exposure. More specifically, for all the “active” 
devices, the main indirect effects are the possibility of interferences with the electrical activity of the device. 
Furthermore, for all devices, active and passive, in case of presence of metallic parts other possible indirect 
effects to be considered, as a mechanical effect possibly inducing a dislocation of the device, or of part(s) of 
it, and the induction of contact currents, possibly causing heating or triggering inflammation of the 
surrounding tissue. These two latter mechanisms are of concerns mainly in case of high exposures. 
Currently, most/all the prosthesis, vascular clips and stents, contraceptive devices and others are non-
magnetic. Furthermore, it has to be noted that EMF indirect interactions are possible also with non-medical, 
and non-active, body inclusions, e.g. metal splinters as a consequence of accidents, or body piercings or, in 
the past, also metallic pigments used for tattoos.  
The main problem is related to the risk of interference of EMF with active devices, possible also in the case 
of relatively low EMF exposure, below the ELVs defined in the 2013 EU Directive and, in some cases, 
possibly even below the limits recommended for the general public. Accordingly, this issue should deserve a 
particular consideration for the protection of MRI operators and for their health surveillance. Pacemakers and 
ICDs are the most studied active implanted medical devices with regard to their possible interference with 
EMF: alterations of the sensing functions of the devices, with possible consequences as inhibition of the 
stimulation or inappropriate stimulations, and in the worst cases a permanent damage of the device requiring 
a resetting or a substitution have been reported. A further important consideration is that, in many occasions, 
minor interferences with AIMD are completely reversible and clinically silent, so that the workers do not 
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perceive any malfunction and the problems are discovered only with a periodical check of the devices, that 
are able to register their activities, when interference episodes could be detected and analyzed.  
Nevertheless, fortunately, considering the scientific literature available to date, reports of in vivo 
malfunctions of AIMD in EMF-exposed workers are very few (especially considering the diffusion of these 
devices), and the large part of data showing relevant interference problems of AIMD within static magnetic 
fields produced by MRI scanners, are based on studies on mannequin models. In such studies interference 
were often observed for older devices with an unipolar configuration, while recent bipolar devices are less, 
or not, involved. Furthermore, an increasing number of AIMD is considered “safe” for patients who need a 
MRI examination (MRI-conditional), and in some studies no long-term clinically significant adverse events 
were reported in patients with pacemakers or ICDs, including devices that were not considered MRI-
conditional [159]. In the case of occupational exposures, AIMDs, including the MRI-conditional devices, are 
currently not considered adequately safe for the occupational activity of MRI operators, and accordingly, in 
case the risk evaluation identifies a significant EMF exposure, as e.g. when a worker needs to access the 
Controlled Access Area, AIMDs are considered a specific contraindication for this working activity; similar 
considerations can also be applied to most passive devices with ferromagnetic components (see also Section 
3.1).  
Regarding the other conditions of particular risk for the workers exposed to EMF, the European Directive 
35/2013 explicitly identifies pregnancy. In this case, the types of EMF induced effects to be considered are 
the direct ones, even if it should be noted that scientific data showing an increased sensitivity of pregnant 
women to static or low frequency EMF are scant, and inconclusive. Some available data suggest the 
possibility of an increased susceptibility of the fetus to the thermal effect related to RF exposures, and a 
possible association between maternal cell-phone use during pregnancy and shorter pregnancy duration/ 
increased risk of preterm birth has been found in a recent study [160], but such effects should be confirmed, 
and, in any case, RF exposures are usually not significant for MRI operators. On the other hand it has to be 
considered that the Council Directive 92/85/EEC [161] includes exposure to non-ionizing radiation among 
the activities liable to involve a specific risk for pregnant women:  considering these premises,  a compliance 
with the ELVs established by the European Directive 2013/35 possibly cannot be considered sufficiently 
protective for pregnant workers, and it would be much advisable to refer to lower exposure limits, such as 
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those set for the general population according to the European Recommendation 1999/519/EC [144] and 
more recently updated for some EMF frequency bands by the ICNIRP. As most usually the exposure limits 
for the general population are (largely) exceeded in MRI activities, at least in Europe, working with MRI 
should be avoided in pregnant operators or, in any case, the engagement in MRI activities during pregnancy 
is contraindicated.  
Excluding the aforementioned problems of subjects with AIMD and other medical devices, and the 
pregnancy condition, little and not very sound scientific evidence currently exists on other conditions 
determining a particular risk related to occupational EMF exposure of MRI operators.  
 
6.2.  Discussion 
Considering direct and indirect effects of the occupational exposure to EMF and the problem of the “workers 
at particular risk”, the HS of MRI operators should be based on the active systematic seeking of symptoms 
(and signs) possibly related to EMF-associated effects [162]. The occupational physicians should look for 
and follow not only the occurrence but also the possible evolutions/changes of symptoms, possibly in 
relation to occupational exposure.  
Specific attention in the course of HS of MRI operators should be devoted to the workers “at particular risk”. 
To some extent, this latter point is still open as, except for the subjects with implanted medical devices and 
pregnant worker, knowledge on other specific conditions inducing a "particular risk" (if any), and on the 
exposure levels inducing a risk, are far from being adequately defined to date [68]. Regarding the criteria and 
the contents of an “adequate” HS of EMF-exposure in MRI operators, up until now, there is no agreement, 
though a specific objective should be, at least, the (early) detection of EMF-related adverse effects, such as 
the stimulation of muscles, nerves or sensory organs (including temporary annoyance or effects on 
cognition), and thermal effects [162]. As the “core symptoms” have been frequently reported in MRI 
operators, at least the occurrence of these symptoms, and the monitoring of their evolution, seem appropriate 
for the HS; specific questionnaires could be useful tools for this purpose. In the case of strict compliance 
with the current ELVs, these effects are usually prevented, but an exceeding of the ELV is possible (or, 
rather, is probable) during MRI activities. Furthermore, ELVs may not be adequately protective in the case 
of “workers at particular risk”: for this reason, the identification of these workers is an essential component 
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of an appropriate HS program. Regarding possible tests and other monitoring procedures, to date, no specific 
laboratory tests or other medical investigations have been demonstrated as effective for an appropriate HS of 
MRI operators. 
The results of such HS in EMF-exposed MRI operators are particularly important to identify, and adequately 
protect, the workers with conditions possibly inducing a particular risk. In this respect, important aspects of 
the EU Directive 2013/35/EU, not sufficiently considered up now, are the requirement that the results of HS 
“shall be preserved in a suitable form that allows them to be consulted at a later date” (Art. 8), and the 
possibility for the Commission to acquire “the appropriate information that it receives from Member States,” 
to keep the European Parliament and the Council informed about any new evidence on the possible health 
effects related to EMF occupational exposure [17].  
 
7. Ultra-high field MRI  
 
As regards the ultra-high field scanners, such as 7T or superior, actually there are no specific concerns 
for occupational safety, although currently more than 70 ultra-high field scanners are operated around 
the world [163]. The EU Directive prescribes, as the upper limit for static magnetic field exposure, 8 T 
for controlled working conditions. For all work procedures that do not involve reaching into the bore 
of the magnet, it is straightforward to demonstrate compliance.  
The latest generations of ultra-high field are actively shielded: this causes a very high spatial gradient 
of the SMF close to the bore [30]. Considering as exposure metrics the maximum variation of the SMF 
on every 3s-interval, for comparison with the ICNIRP basic restriction aimed at preventing vertigo 
effects [50], and two weighted-peak indices for “sensory” and “health” effects to prevent stimulation 
effects [17, 50], a lot of worker procedures in a 7T scanner have proved to be non-compliant with the 
regulations [69]. This shows that compliance with EU Directive limits for SMF is not sufficient to 
guarantee compliance with reference levels imposed by ICNIRP for movement-induced stimulation 
effects. 
Staff should hence avoid placing their head into the bore whenever possible and should move slowly 
in the proximity of the bore. Otherwise, workers should be mindful of potential transient effects which 
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could persist for some time after exposure, compromising some activities, such as driving, 
immediately afterward the exposure [164, 165]. In specific studies regarding occupational exposure in 
ultra-high field scanners, the most frequently reported sensation is dizziness/vertigo that can 
potentially be stimulated by the SMF and by the movement within the field [166, 167].  
Studies in the literature reported that exceedances of the reference level for the time-varying magnetic 
field at 3 and 7 T were almost similar [124].  
Analysis of the max SMF experienced by workers of 7T scanner revealed a large variability between 
participants, even though the paths followed for the approaching the bore were identical for all the 
participants [124]. This fact suggests again the importance of performing personal exposure 
assessment. 
 




8. Conclusions  
 
Safeguarding the health of workers in MR is a very complex issue and still partially to be explored. In this 
review, the current knowledge about occupational exposure to EMF in a magnetic resonance environment 
has been summarized, mainly dealing with specific aspects not always appropriately addressed, such as the 
regulations, the literature studies on biological effects, and health surveillance. Some useful tips have been 
deduced in support of better safeguarding of MRI operators (Fig. 2). 
Several critical points are raised by the analysis of the literature. First of all, we have to consider that MRI 
staff includes different operators, engaged in a range of rather different tasks (i.e. patient positioning and 
removal, system verification test, calibration, hardware tests, …). This implies a very large variability in the 
dosimetric parameters with complications to perform a rigorous exposure assessment, health surveillance, 
and epidemiological studies about chronic exposure [3, 33].  For this reason, one of the first suggestions 
regards an exposure categorization for the different professions working with MRI equipment, that could be 
33 
 
based, for example, on the nature of the fields they are exposed to, the time that they are exposed, and the 
procedures that they perform. Some tools generally used to assess exposure to potential health hazards in 
occupational epidemiological studies, such as the job-exposure matrix, could aid [9, 168, 169]. 
Regarding the exposure assessment, it emerged that there are no standardized procedures to assess the MRI 
occupational exposure. If on the one hand there is evidence for the development of innovative approaches, 
on the other side better transparency, reliability, and efficiency are needed to increase the reproducibility of 
these methods. The exposure assessment certainly requires detailed knowledge of the spatial distribution of 
fields in each specific MRI environment with an understanding of how staff move, something that will be 
strongly dependent on the tasks to be completed. It is with this in mind that numerical modelling techniques 
can be useful, both to evaluate compliance with imposed limits and to set up rigorous epidemiological 
studies. Moreover, our careful analysis showed that there are only a few studies related to the risk assessment 
of MRI workers with passive and active biomedical implants. In this respect, the numerical calculation 
approaches will certainly aid in the future.  
Regarding the biological effects arising from the complex exposure to EMFs in MRI workers, the most 
reported effects that are associated with a longer duration of working in the MRI department are dizziness, 
vertigo, and nausea. The evidence on the possible effects of exposure below the thresholds of acute effects is 
not sufficient for a proper health risk assessment. Only a few epidemiological studies have been carried out 
and they address the effects of SMF exposure in terms of cancer risk.  
Regarding effects on DNA integrity and in germ cells, only sporadic cases found an effect and it is not clear 
to which component of the MRI exposure the effect can be ascribed. From this, it follows the importance of 
having a detailed description of the MRI exposure to make the experiments repeatable in different 
laboratories. 
From the point of view of health surveillance of MRI operators, it has come to light that no authoritative 
and/or shared guidelines exist as well as no exhaustive catalog of conditions inducing a “particular risk” has 
available. Precise guidelines should be made available in the future for a systematic seeking of symptoms 
(occurrence and evolutions/changes) and precise identification of “workers at particular risk”.  
The current international system of regulations is essentially based on the ICNIRP guidelines for limiting 
exposure to EMFs, which set specific limits for different frequency range (static (0 Hz), TvMF below 1 Hz, 
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low-frequency (1 Hz to 100 kHz), RF (100 kHz to 300 GHz). The ICNIRP guidelines refer both to the 
general public and occupational exposure to EMFs without specifying the nature of the source from which 
they are produced. These guidelines do not address specific device standards for limiting EMF emission.  
A key point to consider is that the ICNIRP guidelines, and all the resulting regulations, are based on all 
known short-term direct biophysical effects and indirect effects caused by EMF, but do not address 
suggested long-term effects because no sufficient evidence has been found at the moment. Another important 
point regards the EU Directive that sets a non-discretionary derogation on the installation, testing, use, 
development, maintenance of, or research related to the use of MRI, which allows exposure to exceed the 
safety limits providing certain conditions are satisfied. This implies that the employer has to undertake a 
series of specific actions, such as a rigorous risk assessment and efficient worker training and information. 
Worker education should involve all the aspects relative to occupational exposure to EMF and in particular: 
the results of the exposure assessment with the measurement or calculation of the levels of exposure, how to 
detect and report transient symptoms, sensations, and adverse health effects related to the exposure of EMF, 
conditions in which the workers are entitled to health surveillance, especially for workers at particular risk, 
and finally best practices to minimise risks.  
From a practical point of view, concerning the movements of the staff inside the MRI environment, it would 
be appropriate to identify a series of procedures, eventually to converge on at least national guidelines, to 
avoid the instant overcoming of the action limits imposed by the international safety regulations. With 
particular regard to the SMF spatial gradients, MRI workers may be exposed to induced electric fields which 
cause sensory effects also of relevant importance, such as vertigo, nausea, head ringing, magnetophosphenes, 
as well as a general feeling of discomfort. This could happen for instance during an emergency, when the 
worker, alerted by critical clinical conditions of the patient, moves too quickly within an area that, in normal 
conditions, has no particular risks. For this reason, it would be appropriate to indicate on the floor, with a 
high visibility color, the area with the higher value of spatial gradient, in which the worker movement speed 
has to be kept below a threshold value (typically 1 m/s) to avoid the instant overcoming of the action limits. 
This high-risk area should be identified for each specific MRI environment, considering the worst-case 
scenario with the maximum value of induced electric field given by the estimation of the magnetic field flow 
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through a standard human thorax moving with uniform rectilinear motion at high speed and a standard 
human head rotating with a high angular speed. 
Another critical point to consider is related to ultra-high field MRI scanners, already highly widespread, 
especially in research centres. As they are primarily used for research purposes, these scanners are not 
subject to the same regulations as clinical scanners. The issue of occupational exposure to ultra-high EMFs 
MRI is therefore far to be fully defined for the safeguarding of the health of researchers working in such 
environments. In this regard, future studies on specific risk assessment for such MRI environments are 
desirable. 
At the end of this review, we can assert that the issue of exposure to the EMFs of MRI workers involves 
different professional categories with multidisciplinary skills. All the treated fundamental aspects should be 
interconnected so that the results of scientific research are reflected in the implementation of regulations and 
the creation of best practices, to transfer the new knowledge to everyday working practice. 
 
 
Figure and Table captions 
Fig. 1 Timeline of main regulations about general public and occupational exposure to electromagnetic fields 
Fig. 2 Key points and main indications for specific aspects of occupational safety in MRI 
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